Optical Manipulation of Single Electron Spin in Doped and Undoped Quantum Dots 
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The optical manipulation of electron spins is of great benefit to solid-state quantum information 
processing. In this letter, we provide a comparative study on the ultrafast optical manipulation 
of single electron spin in the doped and undoped quantum dots. The study indicates that the 
experimental breakthrough can be preliminarily made in the undoped quantum dots, because of the 
relatively less demand. 
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In recent years quantum control of electron spins in 
semiconductor nanostructures has attracted considerable 
attention in the community of quantum information pro- 
cessing and spintronics 0,llllllllllllI^,'9','Tol. In par- 
ticular, the all-optical approach is greatly desirable, since 
the laser pulses are much more easily controlled/tailored 
than the magnetic fields, in both the time and space do- 
mains. 

The basic element of ultrafast optical manipulation of 
electron spins in quantum wells has been illustrated in ex- 
periment ^3 ■ Obviously, from the perspective of quan- 
tum device applications, more interesting is the ultrafast 
manipulation of single electron spin in quantum dots. 
Several theoretical studies have focused on this issue in 
doped quantum dots 0,0,0- However, to date there are 
no experimental results reported in quantum dots. In this 
letter, we suggest that the illustrative experiment can be 
carried out preliminarily in the undoped quantum dots, 
quite similar to the situation in the undoped quantum 
wells This is because the controllable one-electron 

doped system is highly demanding. To this purpose, a 
comparative study will be presented on the manipulation 
in the doped and undoped quantum dots, for both the 
coherent behavior and the decoherence analysis. 

Let us start with the undoped quantum dot. The 
state diagram is shown in Fig. 1(a), where the elec- 
tron in the conduction band (CB) is excited from the 
valence band (VB), by using a pump laser pulse with 
(T^-polarization and propagating along the direction of 
2;-axis. In order to take into account the multi-electron 
occupation in the VB, in this work all the electron states 
will be expressed in the Fock's particle-number represen- 
tation. For instance, we denote the initially prepared 
state with a spin-down electron in the conduction band 
by IV'o) = |0, 1; 1, 0, 1, 1), and its spin-flipped counter- 
part by IV'i) = |1,0;1,0, 1,1). Here "1" ("0") stands for 
the occupation (vacancy) of the individual single particle 
states, and their listing order is along, respectively, the 
CB states \±\)c, the VB states |±|)„ and \±\)v Once 
the state tAq as shown in Fig. 1(a) is initially prepared, an 
off-resonance manipulating laser pulse with also the de- 
polarization is applied along the direction of x-axis. As 
a result, the CB states would be virtually coupled to the 
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FIG. 1: Schematic diagram of the electron occupation, for (a) 
the undoped quantum dot where an electron is excited from 
the valence band to the conduction band, and (b) the doped 
quantum dot in which an excess electron is injected into the 
conduction band. |i/;o) and denote the states between 
which the quantum coherent rotation is to be performed. 



VB states. Moreover, an effective coupling between |-0o) 
and will be established by the following intermediate 
virtual states in association with the transition selection 
rules [13: IV2) = |0, 0; 1, 1, 1, 1), IV'a) = |1, 1; 1, 0, 0, 1), 
= |1,1;0,0, 1,1), and jV-s) = |1, 1; 1, 0, 1, 0). Also, 
a more state = |1, 0; 0, 1, 1, 1) will be weakly cou- 
pled to The Hilbert space spanned by these states, 
which we refer to as coherent suhspace, is denoted by 
M™'' = : i = 0,1,1,2,3,4,5}. In M™'*, (in the 

interaction picture) the laser and electron interaction 
Hamiltonian reads 
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FIG. 2: Laser-induced Rabi oscillation between the CB elec- 
tron spin-up and spin-down states, where the solid and dashed 
curves are, respectively, for the doped and undoped quantum 
dots. 

the optical coupling between the conduction and valence 
band states. Eq and e are, respectively, the strength 
and polarization of the electric field of the laser pulse, 
whereas \ipci) and {ipvj) are the single-particle CB and 
VB states. Moreover, in the Hamiltonian matrix, Ai = 
Exi - fiujp + Uxx, and A2 = Ex2 — fiujp + Uxx, where 
Exi {EX2) is the heavy (light) hole exciton energy, and 
Uxx is the exciton-exciton interaction energy since two 
excitons appear in the intermediate states IV's); I '04) and 
I ■05). Obviously, Ai and A2 are nothing but the de- 
tunings of the photon energy {fiujp) with respect to the 
excitation energies from the heavy and light VB states 
to the CB state. Finally, A'^ = Ai — Uxx, because IV'2) 
is the ground state which has no excitonic excitations. 

By adiabatically eliminating the intermediate states 
[T^. an effective two-state Hamiltonian is obtained as 

Fe// = -f^(|^o)(V'i| + lV'i)(^o|)/2, (2) 

where (l/2 = lilaiilao -I- O5il75o|/A2. For an initially 
prepared state |V'o)i the above Hamiltonian will lead the 
state to a Rabi oscillation between |?/;o) and IV'i), with 
frequency 17/2. By mapping this Rabi oscillation to the 
classical Larmor precession of a spin around magnetic 
field, an effective magnetic field can be defined as B^ff = 

^/gefiB 0113. 

Now we turn to the analysis of doped quantum dot in 
which an excess electron is injected into the conduction 
band and the valence band is fully occupied. The rel- 
evant energy levels are diagrammatically shown in Fig. 
1(b). In response to the same optical manipulation as 
in the undoped dot, the electron in the VB will be vir- 
tually excited to the CB. Using the same notation as 
introduced above, the initially prepared and the spin- 
flipped states are, respectively, |V'o) = |0, 1; 1, 1, 1, 1) and 
■01 ) = |1,0;1, 1,1,1). Completely similar to the anal- 
ysis for the undoped quantum dot, an effective two- 
state Hamiltonian in the same form of Eq. (0) will be 
induced by a number of virtually excited intermediate 
states. For the doped quantum dot, the only difference 
lies in the detuning A2, which should be replaced by 



A2 = Ex2 — ^<^p + Uex , with Uex the Coulomb interac- 
tion energy between the doped electron and the virtually 
generated exciton. 

Figure 2 shows the numerical result of the laser- 
induced Rabi oscillation between the spin-up and spin- 
down states of the conduction-band electron, for both the 
doped (solid curve) and undoped (dashed curve) quan- 
tum dots. The relevant parameters are adopted as follows 
[3: Ai = 717 , A2 = 80, and Uxx ^ Uex = 0.317; also 
we set 17 = 10 meV. Note that the minor difference be- 
tween Uxx and UeX, in particular with respect to the 
much larger detuning energies, only leads to a negligibly 
small change of the Rabi oscillation frequency. Strikingly, 
we find here an almost identical response to the coher- 
ent optical manipulation, for the electron spin in both 
the doped and undoped quantum dots. In practice, this 
finding has the significant implication that the coherent 
optical manipulation of single electron spin may be pri- 
marily demonstrated in the undoped quantum dot, due 
to the much easier accessibility in experiment than its 
doped counterpart. 

In the following, we present a brief analysis for de- 
coherence. In semiconductor quantum dots, both the 
CB electron and VB hole spins will suffer environment- 
induced scattering, thus have finite decoherence times 
|18| . In these experiments, the relatively short spin re- 
laxation times (with tens or hundreds of picoseconds) 
may stem from the non-ideal sample preparation, the 
relatively large size of dots, and/or the not low enough 
temperatures, etc. From the intrinsic consideration for 
small quantum dots, however, due to the large spacing 
between the discrete energy levels, most spin scattering 
mechanisms should be strongly suppressed. As a matter 
of fact, it has been shown experimentally that in quan- 
tum dots both the electron and hole spins are almost 
frozen within the electron-hole recombination timescale, 
which is longer than nanoseconds Also, recent the- 
oretical calculations predicted results for the conduction 
electron spin relaxation time of 10^^ ^ 10^"* seconds poj . 
and hole spin relaxation time longer than 10~^ seconds 
[2l|. Therefore, in the following analysis we only take 
into account the electron-hole recombination as the in- 
trinsic dominant decoherence source. This treatment is 
reasonable at least for ultra-small quantum dots. 

Based on the selection rule of optical transitions, the 
electron-hole recombination is described by the jump op- 
erators Si = \\)vc{\\, S2 = \-l)vc{-\\, and S'3,4,5,6 = 
|±5)t)c(±^|. Accordingly, the state evolution is governed 
by the master equation [l^ [13 

6 

p=-i[H,p]~Y.^,D[S,]. (3) 

The superoperator is defined by D[Sj] = \{S'jSj,p\ — 

SjpSj, where 7^ characterize the electron- hole recombi- 
nation strengths. Notice that under the action of the 
jump operators Sj, some states outside the coherent sub- 
space M'^°'* will be involved. Thus the state evolution 
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FIG. 3: Effect of the electron-hole recombination on the co- 
herent manipulation. Plotted are, respectively, the result of 
the doped dot (solid curve) and the undoped one (dashed 
curve) . 

described by Eq. Q is to be propagated in the expanded 
Hilbert space 14]. 

In the numerical calculation, for the sake of simplic- 
ity we assume identical recombination strengths, say, 
Ij = lo — 0-4 X 10~^r2. The specific value adopted here 
is based on the consideration that the laser-induced Rabi 
oscillation period is of picoseconds and the electron-hole 
recombination time is of nanoseconds Other pa- 



rameters are the same as used in Fig. 2. Figure 3 shows 
the result of the doped dot (solid curve) against the un- 
doped one (dashed curve) , in the presence of decoherence 
(i.e. the electron-hole recombination). Here we plot the 
imaginary part of the off-diagonal element of the density 
matrix, poi{t) = {'il'o\p{t)\ipi), which characterizes the 
quantum coherence feature. We find that in the coherent 
regime large number of coherent manipulations in the 
undoped quantum dot can be performed, although the 
manipulation in the undoped dot is less robust against 
the electron-hole recombination as well as the hole-spin 
relaxation than its doped counterpart jl4| . 

To summarize, we have analyzed the optical manipu- 
lation of single electron spin in quantum dots. We found 
that the laser-pulse induced effective magnetic fields are 
almost identical in the doped and undoped semiconduc- 
tor quantum dots. This finding suggests that the illus- 
trative experiment may be carried out preliminarily in 
the undoped quantum dots, despite that the underlying 
decoherence source such as the electron-hole recombina- 
tion will set an ultimate limit to the hundreds of coherent 
spin rotations. 
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